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We investigate here the impact of the dopant concentration in the source and drain regions on
the ambipolar behavior of band-to-band tunneling field-effect transistors with compressively
strained Si0.5Ge0.5 channels grown on Si on insulator. Source and drain areas were formed by
BF2
þ and Asþ ion implantation to doses of 1 1013, 1 1014, and 1 1015 cm2. We show that
the dopant concentration impacts the energy band alignment of source/drain and the channel
region, and thus influences the tunneling current. The ambipolar device behavior is strongly
reduced toward unipolar for source-to-drain implantation dose ratio of 100, but at the expense of
the on-current, as compared to symmetric implanted devices. Moreover, our results indicate
that for SiGe devices, the change of the B doping concentration has a greater impact on the
tunneling currents than the variation of the As concentration.VC 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4751356]
During the past decades, there has been a growing inter-
est in developing device concepts which comply with the
requirements of low power consumption. The concept of the
band-to-band tunneling field-effect transistor (TFET) with its
potential for sub-60mV/decade subthreshold swing,1 a pre-
requisite for scaling the supply voltage well below 1V, are
of great interest for low power applications.2,3 Furthermore,
the TFETs present reduced short-channel effects compared
to metal-oxide-semiconductor field-effect transistors (MOS-
FETs). Several materials and device architectures such as
carbon nanotubes (CNT), III-V semiconductors, or Ge and
Si nanowires were proved to improve TFET device perform-
ance.4–6 Inter-band tunneling probability depends largely on
the semiconductor band-gap, Eg, and the maximum electric
field at the junction. Silicon-germanium (Si1xGex) is a very
promising candidate, allowing band-gap adjustment via the
Ge content, x, and the elastic strain, e, and presents lower
effective masses and higher mobilities of holes than Si.7
Recently, planar strained SiGe tunneling FETs with superior
drive currents compared to Si were reported.8 A disadvant-
age of conventional TFETs is, however, the ambipolar trans-
port behavior. In such devices, the minority carrier tunneling
occurs at both the pþ-i (n-TFET) or the nþ-i (p-TFET) junc-
tion, depending on the channel energy band edges relative to
the source or drain energy band positions.
The most known method for suppressing ambipolar
behavior is employing two semiconducting materials with
different band-gap for source/gate and drain, where the band
offset disables the tunneling effect in the drain.9 However,
the fabrication of such hetero-structure devices is very chal-
lenging and involves critical processing steps control such as
perfect growth compatibility of the semiconductor layers and
highly selective etching.10
In this letter, we study the influence of the B and As
dopant concentration on the tunneling efficiency at the pþ-i
and nþ-i junctions of TFETs. The aim is to determine the op-
timum combination of asymmetrical p- and n-type doping in
order to reduce the TFETs ambipolar characteristics, towards
a unipolar behavior. The devices are fabricated on compres-
sively strained Si0.5Ge0.5 and feature a HfO2/TiN gate stack.
We interpret our results in terms of dopant dynamic, in order
to elucidate the role of diffusion and activation mechanisms
on the band structure of the tunneling strained SiGe device.11
Dopant diffusion in such structures is particularly complex
since it is dependent on both strain and Ge content.12
TFETs were fabricated on 12 nm thin Si0.5Ge0.5 layers
pseudomorphically grown on 10 nm silicon-on-insulator
(SOI) substrates by reduced pressure chemical vapor deposi-
tion (RP-CVD).13 The SiGe layers were capped with 3 nm Si
in order to maintain the high quality of the Si/high-k inter-
face. The pseudomorphic SiGe layers are biaxially compres-
sively strained to e¼2.1% as confirmed by Raman and
x-ray diffraction (XRD) analyses. The fabricated devices are
isolated to each other by mesa etching. The gate stack with a
length of 5 lm is formed with 5 nm HfO2 dielectric film and
15 nm TiN metal gate.
Symmetrical doped devices which operate as both, n-
and p-TFETs, were fabricated using Asþ and BF2
þ ion
implantation at source/drain (S/D) with the same dose of
1015 cm2 and used as comparison reference. In this study
“symmetrical doping” refers to equal implantation dose, not to
equal activation of dopant concentration. To study the influence
of the doping asymmetry, n/p-TFET devices were processed
keeping the BF2
þ/Asþ dose at source to 1015 cm2, whereas
the Asþ/BF2
þ drain implantation doses were decreased to 1014
and 1013 cm2, respectively. The use of BF2
þ ion implantation
ions conserves the elastic strain within the pseudomorphic SiGe
layer, assures reasonable dopant activation while the fluorine
atoms decrease the B diffusivity.14 For all devices, the Asþ and
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BF2
þ implantation energies were 4.2 keV and 2.7 keV, respec-
tively. A critical parameter for TFETs is the steepness of the
tunneling junctions in the SiGe. In this respect, the activation
was performed at a moderate temperature of 650 C for 1min.
The TFET with symmetrical S/D implantation exhibits
typical ambipolar behavior (Fig. 1(a), black curve). n-TFETs
built on SiGe show a better performance compared to
p-TFETs, which has been previously reported in several
works.6,15 Hence, we will mainly focus on the n-TFET for
the discussion of the experimental results, although the
p-TFET behaves analogously (Fig. 2). A positive applied
gate voltage Vgs leads to an energy alignment of the occupied
states in the heavily p-doped source with the empty energy
levels in the intrinsic channel (bands overlapping) (see






TðEÞðlS  lDÞdE; (1)
where T(E) is the tunneling probability, lS and lD are the
Fermi levels at source and drain, and EV
S and EC
Ch are the
valence and the conduction band edges at the tunneling
source and the channel, respectively. For negative gate vol-
tages (reverse branch), Vgs< 0, where tunneling occurs at the
drain/channel junction (Fig. 1(c)), the current decreases with
the Asþ implantation dose. For a Bþ/Asþ dose ratio of 10:1
(Fig. 1(a), red full circles), the reverse branch is significantly
lowered, and for a ratio of 100:1 (Fig. 1(a), blue empty
squares). The reverse current is suppressed to the off-state
value. A negative Vgs potential leads to hole tunneling from
the n-doped drain into the channel (Fig. 1(b)), and the result-
ing tunneling current can be estimated analogously to
Eq. (1). The energy of the Fermi levels in source, lS, and
drain, lD, are given by the concentrations of acceptors NA
and donors ND, respectively. Since the Fermi levels—e.g.,
lD—are pinned by the (inner) potential, a decrease of ND in
the drain up-shifts the energy bands leading to a smaller
overlap and a decreased tunnel current (Fig. 1(d)). On the
source side, where the NA is kept constant, the tunneling
probability at the source side is unaffected (see Fig. 1(e)).
The tunnel-barrier width decrease with the gate voltage
directly results in an increase of the on-current as long as the
dominant resistance is contributed by the tunnel barrier, with
the channel resistance being only a fraction of the tunnel-
barrier resistance. The degradation of the on-currents
observed for higher Vgs is ascribed to an increased drain re-
sistance due to decreased dopant concentration, which starts
dominating the source and channel resistance.
From the discussion above, we conclude that the TFETs
performance is strongly related with the S/D junctions’ prop-
erties: steep junctions allow a better electrostatic control,
while high doping level defines the S/D resistances. Ultra-
shallow junction formation in Si was intensively studied for
both p- and n-type, but only recently studies on p-type junc-
tion formation on SiGe were also reported.16 However, there
is still a lack on n-type doping studies of SiGe materials.
FIG. 1. (a) Transfer characteristics of Si0.5Ge0.5 n-TFETs with S/D implanta-
tions of 1 1015 BF2þ/cm2 [1 1015 (black), 1 1014 (red full circles), and
1 1013 Asþ/cm2 (blue empty squares), respectively]. Solid curves are for
Vds¼ 0.5V and dotted for Vds¼ 1.7V. (b)-(e) The simulated band structure
displayed in the insets indicates the influence for the drain dopant concentra-
tion on the tunneling current: (b) and (c) NA¼ND¼ 2 1020 cm3; (d) and
(e) NA¼ 2 1020 cm3, ND¼ 1 1019 cm3. The bias conditions are (b)
and (d) Vds¼ 0.1 Vgs¼0.5 and (c) and (e) Vds¼ 0.1, Vgs¼0.5.
FIG. 2. Transfer characteristics of Si0.5Ge0.5 p-TFETs with S/D implanta-
tions of 1 1015 Asþ/cm2 [1 1015 (solid and dotted black lines), 1 1014
(red full circles), and 1 1013 BF2þ/cm2 (blue empty circles), respectively].
Solid curves are for Vds¼ 0.5V and dotted for Vds¼ 1.7V.
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Sheet resistance and active dopant concentration
acquired by Hall measurements for BF2
þ and Asþ doped
Si0.5Ge0.5 test samples are shown in Figs. 3(a) and 3(b),
respectively. The implantation and annealing parameters are
identical with the one used for TFET fabrication. The sheet
resistance of the doped layers can be described as a power
law qNa, where N is the sheet dopant concentration, with
a¼1.09 for B and a¼0.76 for As. The exponent for B is
in good agreement with the theoretical value atheor¼1
(Ref. 17) but the exponent for As deviates greatly from atheor,
due to low activation of As atoms. Another important issue
is the exponential increase of the Schottky resistance, which
will become significantly high for lower values of N. The
total resistance for a TFET is given by
Rtot ¼ Rtunnel þ Rchannel þ RS=D: (2)
For high dopant concentrations on the drain side
N> 1019 cm3, the Schottky contact resistance is negligible,
Rtunnel  RS/DþRchannel. For lower dopant concentrations
(N< 1018 cm3), the Schottky contact resistance of the metal-
semiconductor contact becomes comparable to the tunneling
resistance.18 Hence, the increase of Rtot leads to smaller on-
currents, even if the tunnel junction on the source side is
unaffected.
In order to trade-off between the desired suppression of
tunneling from drain to channel, and the undesired reduction
of Ion due to S/D resistance, we define In¼ I(Vgs,minþDV) as
a measurement for Ion, and Ip¼ I(Vgs,min  DV) as a mea-
surement for Ioff. DV is a parameter chosen in a way that it
can be compared to Vt of a MOSFET. In contrast to the latter
one, the TFET does not feature a comparable threshold and
thus lacks a Vt, though attempts to define such parameter
have been discussed.19 In this work, we chose DV to be 2V
and I(Vgs,min) is the minimum current. In Table I, In and Ip
are presented for all three n-TFETs and for low (Vds¼ 0.5V)
and high (Vds¼ 1.7V) drain voltages. For Vds¼ 0.5V, and
an As dose of 1014 cm2, In is 76% from the value of the
symmetrically implanted device, while Ip reduces to 31%.
The As dose of 1013 cm2 leads to a further In decrease
down to 30% of the symmetrically device, while Ip to 10%.
At higher drain voltages, e.g., Vds¼ 1.7V, this picture is
even clearer. In is almost the same for the As dose of
1014 cm2 as it is for the dose of 1015 cm2 (also see in
Fig. 1(a)), but decreased to 16% for 1013 cm2. The Ip drive
current is reduced to 13% and 1%, respectively. For device
performance, an As dose of 1014 cm2 would be favorable,
because it leads to a clearly suppressed Ip branch, while the
decrease of In is arguably small.
In conclusion, n- and p-TFET devices with symmetri-
cally doped source and drain show a distinct ambipolar
behavior. We demonstrate that employing asymmetrically
doped source and drain regions is a simple and efficient mo-
dality of reducing this ambipolarity. n-TFETs with decreased
As dose exhibit significantly lower reverse currents due to
reduced band overlap at the nþ-i junction, while p-TFETs
with decreased B dose behave analogously. The on-currents
of the devices are decreased, caused by an increase of the
Schottky contact resistance at the drain side. Hall measure-
ments showed that the variation of the B implantation dose
over three decades largely impacts the acceptor concentra-
tion NA, whereas the variation of the As implantation dose
has a minor influence on ND, and consequently on the con-
tact resistance. We show that there is an optimum drain-to-
source doping ration which led to a highly decreased reverse
tunneling current, while the forward tunneling current is
insignificantly reduced.
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